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"PROJECT RULISON - SUMMARY O F  RESULTS AND ANALYSES" 

E R R A T A  

October 11, 1 9 7 1  - Figure  1. The f low ra te  a t  t h e  conc lus ion  

of t h e  t h i r d  p roduc t ion  t e s t  

should be shown as be ing  

approximately 900  MCFD, n o t  

zero as i n d i c a t e d .  
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PROJECT R U L I S O N  - SUMMARY OF RESULTS AND ANALYSES 

I 
Project Rul i son ,  t h e  second Plowshare experiment co-sponsored 

by i n d u s t r y  and government, was designed t o  determine t h e  p o t e n t i a l  
of u s ing  n u c l e a r  s t i m u l a t i o n  technology f o r  t h e  development of t h e  
gas  bea r ing  Mesaverde formation i n  t h e  Rulison F i e l d  of G a r f i e l d  
County, Colorado. (I) 
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Miles Reynolds, Jr .  
A u s t r a l  O i l  Company Incorpora ted  

I. INTRODUCTION 

On September 1 0 ,  1 9 6 9 ,  a n u c l e a r  exp los ive  wi th  a nominal 
y i e l d  of 4 0  k i l o t o n s  was de tona ted  a t  P r o j e c t  Rul i son ,  8 4 2 6 '  below 
t h e  s u r f a c e .  

Re-entry d r i l l i n g  o p e r a t i o n s  designed t o  achieve  an e f f e c t -  
i v e  communication wi th  t h e  chimney and f r a c t u r e  system c r e a t e d  by 
t h e  nuc lea r  exp los ive  w e r e  i n i t i a t e d  i n  A p r i l ,  1 9 7 0 .  A success-  
f u l  p e n e t r a t i o n  of t h e  f r a c t u r e d  zone nea r  t h e  t o p  of t h e  chimney 
was made i n  J u l y ,  1 9 7 0 ,  and t h e  w e l l  completed f o r  product ion  t e s t -  
i n g  . ( 2 )  

From t h e  pos t - shot  d r i l l i n g  expe r i ence ,  it w a s  e s t ima ted  t h a t  
t h e  rubb le  f i l l e d  chimney w a s  approximately 3 5 0 '  i n  h e i g h t .  This  
i s  g r e a t e r  t han  t h e  minimum 3 0 1 '  t h a t  w a s  p r e d i c t e d ,  b u t  compat ible  
wi th  t h e  a s s o c i a t e d  c a v i t y  r a d i i  dimensions determined from w e l l  
tes t  data  which are d i scussed  i n  Sec t ion  I1 and I11 below. 

Tes t ing  of t h e  n u c l e a r  s t i m u l a t e d  w e l l  was i n i t i a t e d  i n  
October,  1 9 7 0 ,  and a f t e r  f o u r  i n t e r m i t t e n t  f low p e r i o d s  w a s  con- 
c luded i n  A p r i l ,  1 9 7 1 .  

I 

11. FLOW TESTS 

F i r s t  f lows from t h e  n u c l e a r  s t i m u l a t e d  w e l l  were made a t  
rates vary ing  from 2 m i l l i o n  t o  1 6  m i l l i o n  s t anda rd  cub ic  f e e t  
of gas  pe r  day (MMSCFD). These tes ts  spanned a t h r e e  day per iod  



of t i m e  and were made f o r  t h e  purpose of " c a l i b r a t i n  t h e  U . S .  
Pub l i c  Heal th  Service o f f s i t e  s u r v e i l l a n c e  program. ('; Tracking 
and measurement of  t h e  gaseous r a d i o a c t i v e  e f f l u e n t s  were care- 
f u l l y  done i n  o r d e r  t o  confirm t h a t  t h e  product ion  t e s t i n g  pro- 
gram which was t o  folL0w could be c a r r i e d  o u t  wi th  assurance  t h a t  
t h e  h e a l t h  and s a f e t y  of t h e  nearby popula t ion  would be p r o t e c t e d .  ( 4 )  

FoP1cwing the  c a l i b r a t i o n  flow p e r i o d ,  t h r e e  product ion  flow 
tests w e r e  made fo r  t h e  purpose of determining t h e  pos t - sho t  pro- 
duc t ion  c h a r a c t e r i s t i c s  of t h e  Mesaverde format ian  i n  t h e  i n t e r -  
v a l  s t i m u l a t e d  by +,he nuc lea r  e x p l o s i v e ,  F igu re  I shows the  flow 
rates and vo:umes of g a s  produced for each of t h e s e  t es t  p e r i o d s .  

A t o t a l  sf' approximately 455 MMSCF of g a s ,  i nc lud ing  c e r t a i n  
d i l u e n t s  which w e r e  p r e s e n t ,  wzis produced from t h e  n u c l e a r  st imu- 
l a t e d  w e l l  i n  Y O 8  days of f l o w  t e s t i n g .  This  volume i s  t h e  equiva-  
l e n t  of apprsximately L O  y e a r s  of product ion  from a conven t iona l ly  
s t i m u l a t e d  w e l l  i n  t h e  Rulison F i e l d .  The 455 MMSCF of gas  w a s  
s a t u r a t e d  w i t h  water  vapor a t  s e p a r a t o r  c o n d i t i o n s  and w a s  d i l u t e d  
wi th  carbon d iox ide  and hydrogen. The behavior  of t h e s e  d i l u e n t s  
wi th  t i m e  is desc r ibed  below under "Gas Analys is  Data" and "Evolu- 
t i o n  and Product ion of Water Uapcr  and Carbon Dioxide".  
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Subsurface p r e s s u r e  and temperature  measurements w e r e  made 
a t  a measured depth  of 8 2 0 0 ' ,  a p o i n t  154 '  above t h e  bottom of t h e  
r e - e n t r y  w e l l  o r  346' above t h e  de tona t ion  p o i n t .  The f i r s t  such 
measurement w a s  made on October 2 4 ,  j u s t  p r i o r  t o  t h e  f i r s t  pro-  
duc t ion  t e s t ,  wi th  a shu t - in  p r e s s u r e  of 3150 p s i g  being recorded.  
These subsur face  measurements could n o t  be made dur ing  t h e  c a l i b r a -  
t i o n  flow p e r i o d ,  t h e  f i r s t  p roduct ion  t e s t ,  o r  t h e  e a r l y  p a r t  of 
t h e  t h i r d  product ion  t e s t  because of t he  h igh  v e l o c i t y  of flow i n  
t h e  tub ing  strang, I n  o r d e r  t o  complete t h i s  subsur face  p r e s s u r e  
data, daily pressures were computed from surface pressure measure- 
ments us ing  observed subsur face  p r e s s u r e s  t o  c a l i b r a t e  t h e  compu- 
t a t i o n s ,  A p l o t  of t h e  computed and measured bottom ho le  p re s -  
s u r e s  by days from t h e  commencement of t e s t i n g  on October 4, 1 9 4 0 ,  
t o  August P, 1 9 7 1 ,  is shown in Figure  2 .  

Analys is  s f  t h e  bottom hole p r e s s u r e s  measured du r ing  t h e  
second product ion  flow t e s t  i n d i c a t e d  no r e s t r i c t i o n  t o  f low 
through t h e  pene t r a t ed  f r a c t u r e s ,  tm confirming t h a t  an e f f e e t -  
i v e  conununxcation wi th  t h e  chimney had been e s t a b l i s h e d  by t h e  
r e - e n t r y  wel lbore .  This  obse rva t ion  w a s  p a r t i c u l a r l y  impor tan t  
because of t h e  i n i t i a l  concern t h a t  t h e  i n t e r s e c t i o n  of f r a c t u r e s  

I 
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only by the re-entry wellbore might not be sufficient for pro- 
duction testing purposes. A simple p-v-t analysis of these pres- 
sures also indicated a cavity radius of approximately 7 6 ' ,  which 
compares favorably with radii of 7 2 '  and 74' obtained from krypton- 
85 data. 

The maximum flowing subsurface temperature recorded in the 
flow string at 8200' was 438'F. 

111. GAS ANALYSIS DATA 

A total of 12 gas samples were taken during the flow tests. 
A complete chemical analysis of these samples was made to deter- 
mine the percentage of the various methane series hydrocarbons 
present and to determine the concentration of the two primary 
diluents, carbon dioxide and hydrogen. These data plotted as 
mol percent concentration vs. cumulative gas produced are shown 
in Fiaure 3. 

It is interesting to note that through the production of 
approximately 375 MMSCF of gas the decline in concentrations of 
hydrogen and carbon dioxide were essentially parallel, accompanied 
by an increase in methane. At this point, however, the percentage 
of carbon dioxide began to increase very gradually from a minimum 
of 19% to approximately 22% by the end of the third production 
test. This increase was accompanied by a corresponding decrease 
in the methane component. The interpretation of this behavior 
is discussed below in Section IV. 

All of the gas samples mentioned above were also analyzed 
for certain radioactive components, including the two gaseous iso- 
topes, tritium and krypton-85. Figure 4 shows the change in total 
tritium and krypton-85 concentrations with respect to cumulative 
gas production. The concentrations of these two isotopes declined 
in an expected manner and were only about 2% of their initial con- 
centrations at the conclusion of flow testing. 

The isotope mercury-203 was also observed in the Rulison 
gas and was found to decline in concentration in a manner similar 
to that for krypton-85 and tritium. Chemical analysis of the 
formation rock near the point of detonation indicated that suffi- 
cient mercury was present naturally to produce the minute con- 
centrations of mercury-203 seen in the Rulison gas. 

7 
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Early calculations were made to determine the volume of 
vaporized gas bearing rock that would be required to produce the 
initial concentration of krypton-85 assuming that uniform mixing 
of the released gas and krypton-85 takes place. These results, 
based1 on the theoretical creation of 800 curies of krypton-85, 
the initial concentration of krypton-85 observed in the gas, 151 
picocuries/cc and the presumed reservoir pressure and tempera- 
ture indicated a cavity radius of 7 2  feet. Later calculations 
based on the observed release of 1064 curies of krypton-85 and 
the observed reservoir pressure and temperature indicated a 
cavity radius of 74 feet. A s  previously noted, these dimensions 
compare very favorably with the pressure analysis results and 
the information developed by re-entry drilling. 

The yield of the Rulison explosive was subsequently calcu- 
lated to be 43f8 kilotons based on the creation of approximately 
1113 curies of krypton- and on the basis of 25.8*3.9 curies 
krypton-85 per kiloton. 7 2 1  

Only 2824 curies of tritium were produced from the well dur- 
This is only about 28% of the theoretical ing the flow tests. ( 5 )  

10,000 curies predicted to result from the nuclear explosion. (4) 
Essentially all of the gaseous tritium was removed from the cavity 
by the end of the testing, as shown in Figure 4. An accounting of 
all of the tritium created could not be made, however, because of 
the large quantity of tritiated water still being recovered at 
the conclusion of testing and an unknown volume of water remaining 
in the cavity. It is believed that the boron carbide shield sur- 
rounding the nuclear explosive was probably effective in reducing 
the tritium produced by the explosion to below 10,000 curies, but 
the lack of a tritium balance has made it difficult to evaluate 
this effectiveness, 

IV. ;EVOLUTION AND PRODUCTION OF WATER AND CARBON DIOXIDE 

A. Water 

The total volume of water initially in the chimney is be- 
lieved to have been as much as 30,000 barrels. There has been 
no way, however, to accurately assess this initial volume. This 
water was that originally contained in the pore space of the rock, 
both sand and shale, which was vaporized by the intense heat re- 
sulting from the nuclear detonation, plus that water which was 
contained in the drilling mud lost when the re-entry hole esta- 
blished communication with the chimney. Approximately 15 thou- 
sand barrels of water were recovered at the surface during the 
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flow tests, and an additional calculated volume of approximately 
6 thousand barrels of water passed through the gas volume measure- 
ment system as vapor. At the conclusion of the third production 
test, approximately 170 bairels of water, liquid and vapor, were 
still being produced from the well with each MMSCF of gas and 
diluents being produced. The ccncentrations of tritium in the 
produced water remained essentially constant throughout the flow 
testing, indicating no influx of new water from the producing 
formation. 

As the pressure in the chimney declined, the absorptive 
capacity of the gas increased, allowing the gas to carry increas- 
ing amounts of evolving water vapor to the surface. A part of 
this vapor condensed in the separation equipment and was measured. 
The gas which left the separator was assumed to be saturated with 
water vapor. The amount of water leaving the separator equipment 
in the vapor phase was estimated using a published correlation of 
the absorptive capacity of natural gas by Katz et This 
calculated arncunt of water vapor was added to the amount recovered 
as liquid to determine the total water content. in the production 
stream. A total of 158 MMSCF of water vapor is estimated to have 
evolved in the cavity during the flow tests, 

Figure 5 shows the daily t o t a l  water produced per million 
standard cubic feet of dry gas, A significant change in the rate 
of water production occurred as the chimney pressure approached 
380-400 psia (time period 166-1769, This is interpreted as the 
time when most: of the water remaining in the chimney reached its 
vapor pressure and flashed into steam. Following this, it is be- 
lieved that additional water continued to flash in the fractured 
zone as it also reached its vapor pressure, A chimney tempera- 
ture of 440-445°F is indicated from this event. Pre-shot esti- 
mates of cavity temperature were 350-4003F. 

As water vapor evolved in the chimney, it added to the 
volumetric withdrawal from the chimney and at the same time 
added to the apparent influx of gas into the chimney. In addi- 
tion, the vaporization of the water in the chimney created addi- 
tional space available to gas, water vapor and other diluents. 

B.  Carbon Dioxide 

As the well was produced the hydrogen concentration in the 
gas declined almost linearly with the cumulative gas production 
(see Figure 3 ) .  The carbon dioxide concentration, however, did 

-l 5 .  
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not decline in this fashion. Loqically, if all of the carbon 
dioxide and hydrogen were formed at the time of the detonation 
and were uniformly mixed in the vapor phase, both the carbon dio- 
xide and hydrogen Concentration should have declined similarly. 
The carbon dioxide concentration not only failed to decline com- 
mensurately with the hydrogen concentration, but actually began 
to increase after a cumulative production of at least 3 7 5  MMSCF 
of gas (time period 648). 

Laboratory measurements of the relative concentration of 
carbon-14 in the gas have shown that carbon dioxide was ini- 
tially formed at the time of detonation but was also generated 
by heating of the rock subsequent to the detonation. The later 
evolution of this excess carbon dioxide, which was carbon-14 free, 
is reflected by the change in Concentration seen on Figure 3. 
This evolution was an addition to the apparent influx of gas into 
the chimney. A total of 24 MMSCF of carbon dioxide is estimated 
to have evolved during the flow tests, 

Figure 6 shows the measured separator gas gravity with res- 
pect to time and also reflects the later evolution of carbon dio- 
xide. The rapid removal of carbon dioxide during the first and 
second flow tests (time periods 23-31 and 58-46) caused the ini- 
tial decline in gravity. Once the cavity pressure was appre- 
ciably reduced, however, the excess carbon dioxide began to evolve 
faster than it was being removed such that it brought about the 
subsequent increase in gravity. The continued decline in hydrogen 
concentration also contributed to the gravity increase. 

V .  ANALYSIS OF WELL PERFORMANCE 

A one-dimensional radial flow model(8) was used to simulate 
well performance. A considerable amount of new programming of 
this model was necessary to properly incorporate the effects 
of chimney temperature and varying gas composition on the per- 
formance of the well. In addition, it was necessary to simu- 
late the evolution of water vapor, the enlargement of the chim- 
ney volume available to gas as a result of the vaporization of 
water, and the effects of evolution of carbon dioxide. 

The volume of void space in the chimney, the properties of 
the fractured zone, and the properties of the reservoir rock 
were varied until a match of the subsurface pressure data could 
be obtained. During the periods of production, it was necessary 
to continually increase the permeability of the fractured zone 

6 .  
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i n  o r d e r  t o  o b t a i n  a h i s t a s y  match, This  i s  i n t e r p r e t e d  a s  being 
i n d i c a t i v e  t h a t  t h e  f r a c t u r e d  zone w a s  being c leaned  of water a s  
t h e  w e l l  was produced, There were i n d i c a t i o n s  t h a t  t h e  w e l l  w a s  
s t i l l  c l ean ing  a t  t h e  t i m e  i t  w a s  shu,t in on April .  2 3 ,  1 9 7 1 ,  

V I .  PROJECTED WELL PERFORMANCE 

The a p p l i c a t i o n  of t h e  r a d i a l  f l o w  nisdeP to s imula t e  t h e  
n u c l e a r  s t imu la t ed  r e s e r v o i r  c h a r a c t e r i s t i c s  r e s u l t e d  i n  t h e  match 
of t h e  bottom h o l e  p r e s s u r e  data shown i n  F igu re  7 . .  From t h i s ,  
p r e d i c t i o n s  of well performance have been made, F igu re  8a des-  
c r i b e s  t h e  p r e d i c t e d  ra te  behavior  f o r  t h e  nuc lea r  s t i m u l a t e d  
w e l l ,  assuming that.  f low w a s  i n i t i a t e d  at o r i g i n a l  r e s e r v o i r  con- 
d i t i o n s  and a t  a ra te  of l o 0 0  MCF of 3 a s  p e r  d s y ,  F igu re  8b 
shows t h e  p r e d i c t e d  cumulat ive product ion  of g a s  from t h i s  w e l l  
expressed i n  b i l l i o n  cubic  f e e t  (BCF) and a s  t h e  p e r c e n t  of gas  
i n  p l a c e  recovered from t h e  s t i m u l a t e d  i n t e r v a l ,  These r e s u l t s  
compare reasonably  w e l l  wi th  t h e  r e c o v e r i e s  p r e d i c t e d  from t h e  
pre-shot  r e s e r v o i r  a n a l y s i s  19) 

Two c o n f i g u r a t i o n s  of n e t  pay  t h i c k n e s s  ( h )  have been used 
i n  making t h e s e  p r e d i c t i o n s ,  c n e  a c o n s t a n t  t h i c k n e s s ,  t h e  o t h e r  
a dec reas ing  t h i c k n e s s ,  I n  t h e  "Latter i n s t a n c e ,  t h e  pay t h i c k n e s s  
w a s  decreased  as t h e  d ra inage  r a d i u s  inc reased  i n  a mode s i m i l a r  
t o  t h e  model desc r ibed  by Knutson e t  a lYlO) .  The midpoint  between 
t h i s  model r e s u l t  hnd a c o n s t a n t  t h i ckness  w a s  a c t u a l l y  used f o r  
t h e  p r e d i c t i o n s  shown h e r e ,  Other v a r i a t i o n s  w e r e  a l so  i n v e s t i -  
ga t ed  b u t  are n o t  r epor t ed  i n  t h i s  pape r ,  

V I I .  SUMMARY 

T h e  object ives  of Project  RuTison w e r e  .to d e t e r m i n e  t h e  
t e c h n i c a l  and economic f e a s i b i k i t y  of s t i m u l a t i n g  the  Mesaverde 
formation in t he  RuPison F i e l d  wi th  a nuc lea r  exp los ive .  The 
r e s u l t s  t o  d a t e  i n d i c a t e  t h a t  t h e  technical o b j e c t i v e s  have 
been s u c c e s s f u l l y  achieved ,  The economic e v a l u a t i o n  f s  s t i l l  
i n  p rogres s  and w i l l  be r e p o r t e d  i n  due cour se .  

The r e s u l t s  of P r o j e c t  Rul ison should a i d  i n  t h e  f e a s i -  
b i l i t y  assessment of apply ing  t h i s  technology i n  o t h e r  s i m i l a r  
ga s  bea r ing  r e s e r v o i r s ,  I t  i s  appa ren t ,  f o r  i n s t a n c e ,  t h a t  f o r  
eve ry  r e s e r v o i r  type  t h e r e  i s  a gas  p r i c e  t h a t  would permi t  t h e  
economical recovery of t h e  g a s ,  It i s  be l i eved  t h a t  t h e  r e s u l t s  
of P r o j e c t  Rulison will allow a m o r e  p r e c i s e  e v a l u a t i o n  of t h i s  
f a c t o r .  
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No other specific conclusions have been drawn from the re- 
sults of Project RuPison becau6e the technical information and 
data must be interpreted by others in light of their own techni- 
cal and economic framework, The technical interpretations reported 
herein may be revised at a later tune as new information and other 
theories are developed, 

VI11 FUTURE PLANS 

Austral Oil Company and Colorado Interstate Gas Company 
have initiated a study by Oak Ridge National Laboratory to assess 
the potential radiation exposure that might result from the dis- 
tribution and use of Rulison gas under various marketing condi- 
tions, These studies are expected to be completed before the end 
of calendar year 1991. These studies are expected to confirm that 
exposures which might result from the use of Rulison gas will be 
only a small fraction of the total average annual exposure to man 
from all sources of about 100-125 millirem. With these results 
the two industrial parties plan to initiate the actions necessary 
to permit the sale of gas from the RuBison nuclear stimulated well. 
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